The morphological and optical features of the corneal lens and retina have been examined in the posterior large stemma of the larva of the tiger beetle (Cicindela chinensis). A cup-shaped retina was positioned 55 ± 6 lm beneath the posterior margin of the corneal lens, which was 479 ± 20 lm in diameter and 391 ± 18 lm in thickness (n = 41). A light path through an isolated corneal lens showed that the object at infinite distance was focused on the distal margin of the retina. Geometrical optics gave a value of 334 ± 15 lm (n = 55) for the posterior focal length of the corneal lens. The refractive index of the corneal lens was estimated to be around 1.8, if the lens was considered to be homogenous in structure. The internal structure of the lens, including concentric lamellae, was presumed to contribute to such a high refractive index, because this was higher than that of insect cuticle. The retinal structure and how images were blurred at different focus levels were also examined. Data obtained for optics of the corneal lens and retinal structures are discussed with reference to the distinct visual behavior of the larva.
Introduction
How animals see the external world finally depends upon how they process visual information in the central nervous system. However, the quantitative and qualitative features of visual information available are primarily limited by the peripheral photoreceptors. This means that the dioptric apparatus of the eye, the most peripheral structure of the visual system, functions as the first station for visual information processing. In the human eye the focal plane of the dioptric apparatus lies exactly on the retina (e.g., Ogle, 1968) . Such exact disposition of the lens and the retina is maintained by a large vitreous body interposed between them. Some single-lens eyes in arthropods are designed in a similar fashion to the human eye (e.g., Toh & Tateda, 1991) . The relatively large volume of a cellular mass called a vitreous body occurs between the corneal lens and underlying retina in insect larval eyes and some spider eyes (e.g., Blest & Land, 1977; Dethier, 1942; Land, 1981; Land & Nilsson, 2002; Meyer-Rochow, 1974; MeyerRochow & Liddle, 1988) . Optical measurements have shown that images formed through the lens focus on the retina in such simple eyes. On the other hand, insect dorsal ocelli, which are the other type of insect simple eyes, lack such a rich vitreous body. The inner surface of the corneal lens is separated only by a thin layer of the corneagenous cells from the underlying retina (Toh & Kuwabara, 1974 , 1975 . As a consequence of such short separation between the lens and the retina and the relatively long focal length it is widely accepted that the posterior focal plane of the corneal lens lies far behind the retina (e.g., Cornwell, 1955; Homann, 1924; Wolsky, 1933) . These optical properties did not seem to confer a high spatial resolution upon the dorsal ocelli in general (e.g., Goodman, 1981) . However, it was suggested in locusts (Wilson, 1978) and flies (Schuppe & Hengstenberg, 1993) flight especially under low light conditions. Moreover, optical and morphological work on the dragonfly ocellus has suggested that the median ocellus could discriminate a difference in light intensities especially in a vertical direction (Stange, Stowe, Chahl, & Massaro, 2002; Berry, Stange, Olberg, & van Kleef, 2006) .
The structure of the larval visual system has been examined closely in the larva of tiger beetles, in attempts to understand their predatory and escape behaviors, which are visually guided (Friederichs, 1931; Toh & Mizutani, 1994a , 1994b . The photoreceptor organ of the tiger beetle larva consists of six stemmata (larval single-lens eyes) on either side of the head, two of which are much larger than the others (Friederichs, 1931) . Behavioral experiments suggest that the two pairs of the large stemmata, which are referred to as anterior and posterior large eyes, are concerned with such visual behaviors (Mizutani & Toh, 1998) . As a result, it has been supposed that the large stemmata of the tiger beetle larva can perceive objects in the visual environment as fine images. In particular, it has been tentatively proposed how clear images are formed on the retina might be concerned with distance estimation in the larva. The large stemmata of the tiger beetle larva have been supposed to function as clear image viewing eyes, but their morphology differs from larval eyes of other insects and spider eyes, lacking a vitreous body between the lens and the retina. Thus their corneal lens is 340-460 lm in thickness, whereas the distance from the posterior margin of the lens to the retina is only 43-66 lm ). In order to perceive clear images the corneal lens has to focus the images at a distance separation of only one-eighth its thickness. In fact, a red laser beam (k = 650 nm) passing through an isolated corneal lens focuses images 60-90 lm below the lens .
A large variation in both histological and optical data in the previous reports might be in part due to inter-individual differences in the size of the eye, but also from measurement errors (see Section 4). Since the plane in which the lens focuses an image may profoundly influence the range estimation abilities of the larva, it is indispensable to improve the accuracy of both morphological and optical measurements in the large eyes. In the present study morphological and optical properties of the large stemma were examined in the larva of the tiger beetle (Cicindela chinensis) with improved methods. The results are discussed with reference to previous physiological and behavioral works on this larva.
Materials and methods

Animals
Third (final) instar larvae of the tiger beetle C.chinensis were used throughout the present study. They were collected from suburbs of Fukuoka, and individually maintained in the laboratory, in a plastic cup filled with soil.
Morphometry of the dioptric apparatus and the retina
Morphological parameters of the corneal lens were measured in both wholemount preparations and histological sections. For wholemount observation an isolated corneal lens was fixed in 3% glutaraldehyde in a 0.1 M cacodylate buffer solution at pH 7.4 for 2 h. The fixed corneal lens was placed on the wedge of a thin metal holder with beeswax to keep its optical axis horizontal. The lens was photographed by a fluorescence microscope or epi-illumination conventional microscope. For measurement of sections, a dorsal part of the head of the larva was dissected out with minimal manipulation of the tissue surrounding the stemmata to minimize mechanical distortion. Tissues were pre-fixed in 3% glutaraldehyde and post-fixed in 2% OsO 4 . They were dehydrated through a graded ethanol solutions, and embedded in epoxy resin. Semi-thin sections (about 3 lm) were taken through a median plane of the eye. They were stained with toluidine blue. For electron microscopy ultrathin sections were stained with uranyl acetate and lead tartrate.
Estimation of the focal length of the corneal lens
The corneal lens can be regarded as a thick biconvex lens, coming in touch with air at its outer (frontal or anterior) surface and with body fluid at its inner (posterior) surface. An anterior focal length (f) and a posterior focal length (f 0 ) are distances that were measured from different principal planes, the anterior principal plane (H) and the posterior one (H 0 ), respectively, in a thick lens, as shown in Fig. 1 . When an object (of height A) was placed at a distance s from H, and its image (height B) was formed at a distance s 0 from H 0 as illustrated in Fig. 1 , geometric optics gave the following equations, where n 0 and n 2 are the refractive indices of media in the object and image side, respectively (Born & Wolf, 1964) .
For experiments with an isolated corneal lens n 0 and n 2 were 1 and 1.33. When an object of known size (A) was placed at a given distance (s), and its image size (B) was determined, focal lengths f and f 0 could be estimated from Eqs. (1)-(3). In the present study image size was estimated for an isolated corneal lens. The corneal lens of the large stemma was isolated together with a small part of the surrounding cuticle, and briefly fixed in 3% glutaraldehyde solution. It was attached to a pin-hole (ca. 0.5-1 mm) in a thin stainless plate with beeswax adjusting the position of its optical axis until the latter passed through the center of the pinhole. A circular pool of beeswax (about 2 mm in diameter and 1 mm in height) was formed around the corneal lens of the retinal side. The pool was filled with Fig. 1 . Terms in the formula for image formation by a thick biconvex lens. F, anterior focal point; F 0 , posterior focal point; H, anterior principal point; H 0 , posterior principal point; A, object size; B, image size; f, anterior focal length; f 0 , posterior focal length; s, distance to object from H; s 0 , distance to image from H 0 ; n 0 , n 1 and n 2 , refractive indices of, respectively, the media at the object side, the corneal lens, and the medium at the image side.
a saline solution and covered by a coverslip. The plate was placed under the objective of a microscope with the retinal side 5.0 up. A transparent film of square grids of 4.9 or 5.0 mm was placed 115 mm or 120 mm below the plate in a light path from a halogen lamp. An image of the square grids formed by the corneal lens was photographed under the microscope, and its size was measured ( Fig. 2A) .
In order to see the edges of an image clearly, the density distribution of the photograph was measured by a photosensor (Fig. 14) .
Direct observation of the optical path in an isolated corneal lens
An isolated corneal lens was inserted into a pin-hole (0.5-1 mm in diameter) in an aluminum plate (10 mm · 10 mm). The aluminum plate was positioned vertically under a microscope so that the optical axis of the corneal lens was aligned horizontally. A small pool was constructed from beeswax on the retinal side, and filled with a physiological saline. A light beam was projected towards the lens, and its path in the retinal side was observed under a light microscope. Multiple light sources were used. First, a beam from a green (k = 532 nm) or red (k = 650 nm) conventional laser pointer placed at 50 cm from the corneal lens was used. Second, light from a tungsten lamp placed at 50 cm from the lens was used. The light was adjusted nearly parallel through a lens system, and was projected directly or through an interference filter (k max = 516 nm or 683 nm) onto the corneal lens.
Results
Structure of dioptric apparatus
The structure of the visual system of the tiger beetle larva has already been reported (Toh & Mizutani, 1994a , 1994b ), but it is presented again to understand the present work. The tiger beetle larva possesses six stemmata on either side of the head (Fig. 3) . They are numbered 1-6 after Friederichs (1931) . Of the six, two pairs of large stemmata (1 and 2 in Fig. 3 ) seemed to be concerned with range estimation ). Since stemma 1 was the largest of the six, it was exclusively examined in the present study. It is referred to here as the (posterior) large stemmata or eye.
The large stemma consists of a corneal lens and an underlying cup-shaped retina. Section profiles that pass through the optical axis differed between sections that were parallel to the anterior posterior axis of the head (Fig. 4A ) and those that were transverse to it (Fig. 4B) . The optical axis of the corneal lens did not pass through the center of the retina, but eccentrically, through a more posterior part of the retina in an eye sectioned in the anterior-posterior plane of the head. By contrast, the section profile of the eye transverse to the head appeared to be symmetrical with respect to the optical axis of the corneal lens. Comparison of Figs. 4A and B shows that the retina expands more widely in the transverse direction than in the anterior-posterior direction of the head.
The radius of curvature of the corneal lens was larger at the outer surface than that at the inner surface (retinal side) (Figs. 4 and 5) . Thus, the corneal lens looked like a combination of a larger upper hemisphere and a smaller lower hemisphere, a geometry that was distinct in SEM images (Fig. 5A ). Subsequent morphometry of the corneal lens was carried out in sections as shown in Fig. 4A , as well as in isolated specimens as shown in Figs. 5B and C. Since a pigmented envelope surrounded the lower part of the corneal lens, this seemed to function as an aperture (Figs. 4A and B) . The corneal lens consisted of a thin external cortical layer and a spherical medullar region (Figs. 4A and B). The cortical layer, less than 10 lm in thickness, was continuous with the surrounding cuticular integument. The medullar region was non-uniform in both structure and staining properties, in epoxy embedded sections being stained densely by toluidine blue in the central part (Figs. 4A and B) . Moreover, the medullar region consisted of concentric lamellae, like an onion, which were clearly visible in sections viewed in air, without a coverslip (Fig. 6A ). The center of the concentric layers was not positioned at the center of the lens, but displaced into the distal region (Fig. 6B) . The posterior margin of the corneal lens was separated from the underlying retina by an extracellular matrix. However, the boundary between the lens and the extracellular matrix was less clear in some specimens, because concentric lamellae were spread toward the extracellular matrix, as shown in Figs. 6A and B.
Retina
The retina was shaped like a shallow cup. The posterior large stemmata each contained approximately 5000 retinular cells. These retinular cells and their distal processes contained pigment granules. The distribution of pigment granules was changed by the light conditions. In a fully light-adapted eye pigment granules were distributed in the distalmost regions of the photoreceptor processes ( Fig. 4A ). Therefore, in longitudinal sections of the retina the distal margin of the retina appeared as a densely pigmented layer 20-40 lm in depth. In a dark-adapted eye the rhabdom layer appeared clear because pigment granules had migrated below it (Fig. 4B) .
Photoreceptor processes were not uniform in size across the retina. They were thick, up to 8 lm, and short in the posterior region in the posterior eye, but thin, down to 6 lm, in the anterior region (Figs. 7 and 8) . Similarly, in the anterior eye they were thicker in the anterior region and thin in the posterior region of the retina. As far as the entire visual field of the larva in ambushing posture was concerned, the field above the head (where the visual fields of anterior and posterior eyes overlapped) was viewed by thick photoreceptor processes. By contrast, the anterior and posterior directions of the visual field were viewed by thin photoreceptor processes in just the anterior and posterior eyes, respectively.
Morphological and optometric parameters of the corneal lens
The corneal lens of the tiger beetle larva was treated as a thick biconvex lens, which was defined by following morphological parameters: diameter (D), thickness (t), and the radii of external and internal curvatures (r e and r i ). These values were obtained for the posterior eye by observation of semi-thin plastic sections (Table 1) . Although r e and r i are expressed as vectorial values as well as focal Fig. 7 . Longitudinal section of the retina through the anterior-posterior plane of the head. Note: photoreceptor processes are thicker and shorter in the posterior (thick short arrow) of the retina than they are in the anterior (thin long arrow). lengths (f and f 0 ) in Eqs. (1)- (5), their absolute values are given in the tables and the following description. The distance from the posterior margin of the corneal lens to the retina (the lens-retina distance) measured in each section for the central region and peripheral (anterior and posterior) regions of the eye are also given in Table 1 . The size of aperture (A) that is formed by a circular pigmented envelope around the lower part of the corneal lens is also given in Table 1 . The size of the lens varied from 430 lm to 525 lm, and other parameters also varied. These variations might partly result from inter-individual variation in the size of eyes, because other morphological parameters were positively correlated with the diameter of the lens (Fig. 9A) . The lens-retina distance was 55 ± 6 lm (n = 41) in the central part of the retina, while it was wider in the peripheral parts, being 80 ± 11 lm in the anterior and 74 ± 11 lm (n = 41) in the posterior margins of the retina. The distance was positively correlated with the diameter of the lens, but this correlation was poor (Fig. 9B) .
The average values from 41 sections of the posterior eyes were as follows: 479 ± 20 lm for the lens diameter, 391 ± 18 lm for the thickness (t), 333 ± 18 lm for the aperture size (A), 247 ± 14 lm for the radius of the outer curvature of a lens (r e ) and 155 ± 11 lm for that of the Values on the left and right columns are obtained from semi-thin sections and wholemount observations, respectively. Posterior focal length and lens-F 0 distance estimated from obtained morphological parameters together with a value of 1.6 for a putative refractive index of the corneal lens are given in two lower rows. inner curvature (r i ). The sizes of the lens were also measured in a wholemount preparation of an isolated lens, after measurements of their magnification (Table 1) . The average values obtained from 48 specimens were similar to those obtained in sections, although r i appeared larger in wholemount preparations than in sections. The posterior focal length of the corneal lens (f 0 ) could be estimated by the three morphological parameters t, r e and r i , once we knew the refractive indices of the matrix of the lens (n 1 ), the external medium (n 0 ) and the internal medium (n 2 ). The value of f 0 was calculated from the following equations (Born & Wolf, 1964) .
Refractive indices n 0 and n 2 were 1.0 and 1.33, respectively in measurements on isolated corneal lenses, as shown in Figs. 1 and 2. The refractive index n 1 was unknown. It has been reported in several insects that a refractive index of the corneal cuticle is around 1.5-1.6 (e.g., Dethier, 1942) . If 1.6 is substituted for a tentative refractive index n 1 , f 0 was estimated to be either 424 ± 21 lm or 434 ± 25 lm, for sections and wholemount preparations, respectively (Table 1 ). The distance from the posterior principal plane to the posterior margin of the lens (dH 0 in Fig. 1 ) was obtained from the following equation (Born & Wolf, 1964) .
The distance from the posterior margin of the retina to the focal plane (lens-F 0 distance) was obtained by subtracting dH 0 from the estimate of f 0 , and was 201 ± 16 lm in sections and 197 ± 19 lm in wholemount preparations (Table 1) . The distance was larger by a factor of 3 than that obtained in a previous study by observation of a light path through the isolated corneal lens ). If we suppose a homogenous matrix for the corneal lens, a refractive index 1.6 is less likely, but a higher value is expected.
The value n 1 we used up to here was an refractive index of the corneal lens as a whole assuming that it was homogenous in structure. However, as shown in Figs. 4 and 6 the corneal lens was not morphologically homogenous. Moreover, as discussed below the corneal lens might consist of distinct regions that differ in their refractive indices (see Section 4). In order to avoid terminological confusion we refer the refractive index of the corneal lens as a whole as the apparent refractive index.
Estimation of focal length of the corneal lens by its magnifying power
In order to estimate the value of f 0 , the image size of an object of known size and distance was obtained (Fig. 2) . The value of f 0 was calculated by substituting the object size (A), image size (B) and distance of the object from the lens (s) into Eqs. (1)-(3) . Values for f 0 obtained in 55 specimens varied from 299 to 370 lm (334 ± 15 lm, mean ± sd). The refractive index of the lens material (n 1 ) could be estimated based upon morphological parameters and f 0 . In all 55 specimens the morphological parameters t, r e and r i , were measured in wholemount preparations under a microscope after measurements of the magnifying power of each lens. The specimens were divided into two groups, which were examined by two different observers (A and B in Table 2 ). Based upon these parameters, 1.90 ± 0.02 and 1.80 ± 0.05 were the values obtained for apparent refractive index n 1 by each respective observer.
Furthermore, for the 31 eyes examined by observer B, the contralateral eyes were also fixed and embedded in epoxy resin, and morphological parameters were measured from histological sections. The morphological parameters obtained from 27 sections of contralateral eyes were recorded, together with f 0 obtained from the corresponding ipsilateral eyes (Table 2) , data for the remaining four eyes were omitted because of their oblique section planes. The apparent refractive index n 1 was estimated to be 1.77 ± 0.05. A lens-F 0 distance was also calculated from f 0 and n 1 , and was determined to be 103 ± 17 lm for wholemount observations and 87 ± 15 lm from sections ( Table  2 ). The calculated distances were larger than those measured by direct observation of the beam through the corneal lens, but much closer to them than values calculated by substituting 1.6 for an apparent refractive index n 1 . Refractive index (n 1 ) of the corneal lens as a whole estimated from f 0 and three morphological parameters (t, r e and r i ) is shown in the second row from the bottom. In the bottom row a distance from the lens to the posterior focal plane calculated from the above parameters is shown. Data measured by two observers are shown separately in different columns A and B.
The large variation of the data in Table 2 might be in part due to measurement errors, but also the result of the different sizes of corneal lenses in our specimens, because the f 0 values we calculated were positively correlated with both the diameter and thickness of the corneal lens (Fig. 10) .
Re-examination of direct measurements of the posterior focal plane in an isolated corneal lens by a light beam
In our previous work we observed the depth at which a beam converged when it passed through an isolated corneal lens, where a laser generator (GIG 5220, NEC) was used for the light source. The distance from the inner margin of the corneal lens to a convergent point of the beam (lens-F 0 distance) was 56-96 lm (73 ± 8 lm, n = 38, . Large variations in the data obtained might have originated from the poor performance of the laser generator. In order to confirm this possibility and re-examine the measurement, different light sources were used in the present study.
In the present study a green laser pointer (k = 532 nm) was exclusively used for the light source (Fig. 11) . The lens-F 0 distance measured with green laser light was 50-67 lm (58 ± 5 lm, n = 25), which was shorter than the distances measured in our previous study. The shorter distance in the present study may be due to in part to the shorter wavelength of the light used. In order to verify this possibility laser light (k = 650 nm), white light from a tungsten lamp, either unfiltered or that passed through an interference filter (k max = 516 nm or 683 nm), were projected sequentially after the green laser light to the corneal lens (Fig. 12) . All beams appeared to converge at almost the same depth for the five projections, but the red laser beam and the beam from the tungsten lamp either with or without a red interference filter appeared to converge deeper by 3-5 lm than the green laser beam (Fig. 12) .
It was proposed in the previous work that the large stemma might be myopic in the peripheral region of the retina, but for normal vision use its central region, while for depth assessment refer to difference in the lens-retina distance between the two regions ). This idea is valid only under the assumption that the depth of the images is almost the same for both on-and off-axis viewing. In the present work, the depths of the images for a green laser light were compared between on-and off-axis beams (Fig. 13) . The focus of a light beam was first photographed at an on-axis path, and then the specimen stage was rotated about 30°in the horizontal plane either clockwise or counter-clockwise. The image depth was almost the same between on-and off-axis light beams in five specimens.
Morphological and optical measurements for individual larvae
Average values for both morphological and optical data have been presented until now, but in the next stage of our study we considered that inter-individual differences of the data might be too large for subsequent calculation or comparison: e.g., the diameter of the lens itself varied from 430 lm to 525 lm. It would obviously be best if all measurements could be carried out for the same eye, but this is impossible. As the next best alternative, the paired eyes in individual larvae were examined as follows. One of the paired eyes was first isolated for direct observation of the light path, measurement of the image/object size ratio, and measurement of the morphological parameters in a wholemount preparation. The other eye of the pair was submitted to histological sectioning. Data for 11 pairs of eyes are summarized in Table 3 .
In the upper row of data from each eye in Table 3 , we present the value of f 0 estimated by magnification, the morphological parameters (t, r e , r i ) obtained from a wholemount preparation, n 1 and the lens-F 0 distance calculated by f 0 , t, r e and r i , and the lens-F 0 distance measured by light path, for each of 11 specimens. In the lower row the same morphological parameters and the lens-retina distance measured from sections are given, together with n 1 and the lens-F 0 distance calculated from f 0 and the morphological parameters, from sections.
Overall examination of the corresponding data reveals that the morphological parameters are not the same even between the two stemmata of the same individual, suggesting that these are residual differences that may be within unavoidable measurement errors. The radius of the inner LG: laser beam at 532 nm, TR: tungsten lamp through interference filter for red (k max = 683 nm), TG: tungsten lamp through interference filter for green (k max = 516 nm), T: tungsten lamp without filters, LR: laser beam at 650 nm. All images were taken by changing the light source, but without adjusting the microscopic objective or specimen position. The images are aligned at the same horizontal level. The images for LG are arranged at either side, and a white line passing through the convergence points for the two is drawn to enable comparison with the same points in other images. curvature of the corneal lens (r i ) is always smaller when measured from sections than it is in wholemount observations. This may result from some difficulty in identifying the boundary of the lens in sections (see Section 4). Since a larger r i would require a higher refractive index of the corneal lens (n 1 ) in order to achieve a given focal length, this difference would result in larger n 1 in wholemount observation than in sections in all individuals except Specimen 10 in Table 3 . Apparent refractive indices n 1 are calculated down to the second decimal place in Table 3 . However, considering the errors in measurements of both morphology and optics, only the first decimal place may be valid. Thus, it can be said that the apparent refractive index n 1 is around 1.8. Table 3 distinctly shows that the lens-F 0 distance measured directly by a light beam is very close to the lens-retina distance in the central region of the retina, but significantly shorter than that measured in the lens periphery. The lens-F 0 distance calculated from f 0 , t, r e and r i was larger than that measured by a beam path. The calculated values for isolated corneal lenses (Table 3 , upper row values) are shorter than those for sections (lower row values), and much closer to the directly observed distance.
Spatial resolution
The spatial resolution of a single-lens eye is given from geometrical optics by 2d/f 0 (radians), where d is the diameter of the receptor cell (Land, 1981) . In the large stemma of the tiger beetle photoreceptor processes were about 6-8 lm in diameter and f 0 was 334 lm on average. These values gave a value of 0.036-0.048 radians (2.1-2.8°) for the spatial resolution of the large stemma. Another factor limiting the spatial resolution is diffraction. The image of a spot appears fuzzy on the retina because of diffraction. The limit of resolution due to diffraction is expressed as 1.22k/A (radians), where k and A are wavelength of the light and the aperture size, respectively (Land, 1981) . Since the average aperture size is 320 lm, and the photoreceptor cells are sensitive to light at 525 nm in wavelength (Mizutani & Toh, 1995) , the limit by diffraction was estimated to be about 2 · 10 À3 radians (0.1°), which gave 0.38 lm for the distinguishable minimal distance between two spots on the retina. Since the limit of resolution by diffraction was much finer than that estimated by geometrical optics, it couldn't be a limiting factor for the spatial resolution of the stemma.
Gradation of the edge in defocused images
In our previous report we conjectured that focused and defocused images might be concerned with discrimination between close and distant objects in the tiger beetle larva Okamura & Toh, 2004 ). Finally we therefore examined how an edge was blurred in an isolated corneal lens. In Fig. 14 , images of 1 mm-and 10 mmsolid squares placed at distances of 10 and 100 mm from the isolated corneal lens, respectively, were photographed side-by-side under a light microscope. A microscope objective was adjusted to form an image in focus for the close object in the upper micrographs and for the distant one in the lower micrographs in Fig. 14. Density distributions measured along white lines on both upper and lower micrographs are shown on the right. Of course, images in focus were less blurred than those out of focus in both upper and lower of micrographs in Fig. 14 . However, the appearance of paired images differed between the upper and lower micrographs. Of the four images the edge was the clearest in a focused image of the object placed at a distance of 100 mm, while the most widely blurred in the defocused image of the object was the one placed at a distance of 10 mm, as shown in the lower micrographs. On the other hand, the edge is less clear even in the focused image of the object at a distance of 10 mm as shown in the upper micrograph. Such differences are shown more quantitatively as a density distribution. In the lower micrograph the density of the edge gradually changed for a width of 2 lm for the focused image of the object at a distance of 100 mm, whereas the width was 7 lm in the out-of-focus image of the object at a distance of 10 mm. In the upper micrograph the blurred edge was 3 lm and 5 lm wide for images in and out of focus, respectively.
Discussion
The optical properties and retinal structures of the larval eyes of the tiger beetle were reported in detail for several species by Friederichs (1931) . The posterior focal length was also obtained from image magnifications, as also in the present study. The data obtained in the present study could not be compared simply with those reported by Friederichs (1931) , however, because of the different size of eyes used between the two works. Even so, if we compare stemmata of similar sizes in the two studies, the optical and morphological data are very close between both.
Both the morphological and optical data varied considerably in the present study. As shown in Figs. 9 and 10 such variation seems to originate in part from the different sizes of the eyes themselves. In addition, multiple measurement errors might be superimposed on such inter-individual variations. Any morphometric values might be incorrectly measured if, for example, the section plane did not precisely contain the median plane of the eye, or if the median plane of the corneal lens were not precisely kept horizontal on the microscopic stage in wholemount observation. Furthermore, there was some doubt that the posterior margin of the corneal lens might be distorted by the staining conditions adopted. Inaccuracies might also be included in the optical measurements. Images of 5 mm grids were reduced to about 10 lm through the corneal lens (Fig. 2) , and at these dimensions it was not easy to measure the size of the image precisely to two decimal places. In making direct observations of a beam path, the convergence point of the beam was diffused over a distance of more than 10 lm. Despite the ambiguity in the data we obtained, however, we discuss those data from a standpoint that their average values do not lie far from the correct values for an eye of average size.
The lens-F 0 distance measured by a beam in an isolated corneal lens might differ somewhat from that in a living specimen, since in vivo the medium posterior to the corneal lens is an extracellular matrix of unknown refractive index, whereas we used water. However, the distance may not differ significantly between the two, since it has been reported in many insects that the refractive index for vitreous bodies ranges from 1.3 to 1.4 (e.g., Meyer-Rochow, 1974) . In the present study the beam converged at a distance of 50-67 lm (58 ± 5 lm) from the corneal lens, whereas in semi-thin sections the retina occurs 47-68 lm (55 ± 6 lm) beneath the posterior margin of the corneal lens. These data suggest that the posterior focal plane lay just on the surface of the rhabdom layer in the central part of the retina. This conclusion may be supported by data obtained in right and left eyes for individual larvae as shown in Table  3 , in which the differences between lens-retina distance and lens-F 0 distance are less than 10 lm in 8 out of 11 larvae. Neighboring rhabdoms appear to be optically isolated by pigment granules from each other under light condition. The foregoing considerations therefore lead to two predictions: that the rhabdom accepts only light that is parallel to its long axis, oblique incident light being cut off by shielding pigment, and that this light is focused exactly at its rhabdom tip. These features would contribute to clear high-contrast vision.
The distance between the lens and the retina is larger by an average of 25 lm and 19 lm in the anterior and posterior regions of the retina, respectively, than in the central region, whereas obliquely incident light converges at almost the same depth as that on-axis, as shown in Fig. 13 . These data suggest that objects situated at infinity cast their image some distance above the retina in its peripheral regions.
Much larger lens-F 0 distances (60-90 lm, 73 ± 8 lm) were reported in our previous work than in the present study (50-67 lm, 58 ± 5 lm) . A difference of 15 lm on average between the two averages does not seem fully explained by the use of laser beams having different wavelengths in the two studies. Since a beam emitted from a tungsten lamp and passing a green filter converges at the same depth as a green laser, the data obtained in the present study appeared to be more reliable. The longer distance in the previous work might be due to more scattering of the laser beam.
The corneal lens was not homogenous in its structure, but if it were considered to be so, its apparent refractive index would be estimated to be around 1.8. A lens-F 0 distance was considerably larger when the apparent refractive index of the corneal lens was estimated to be 1.6 than was found by direct observation. The distance calculated for an apparent refractive index of around 1.8 approaches the observed value, though is still somewhat larger. Thus the apparent refractive index of the corneal lens would have to be more than 1.8 to explain the shorter lens-F 0 distance. The refractive index 1.8 is, however, less likely for the insect corneal lens, because it is widely accepted that the refractive index of insect chitin is 1.5-1.6 (e.g., Dethier, 1942) . A high apparent refractive index was reported for corneal lens in some arthropods; 1.67 for the posterior median eye of Dinopis subrufus (Blest & Land, 1977 ) and 1.60-1.64 for two species of New Zealand harvestmen (Meyer-Rochow & Liddle, 1988) . The apparent refractive index 1.8, as predicted from the data in the present study, seems to be much higher than values reported in those previous works. A high apparent refractive index estimated in the present study must therefore be achieved by some higher-order organization of the lens.
One candidate for such organization is a Matthiessen gradient of a refractive index, in which the refractive index continuously increases from the periphery to the core in the spherical lens (Land & Nilsson, 2002) . Land and Nilsson (2002) showed a clear example: a refractive index should be 1.66 in a case of a homogenous lens in order to achieve a short focal length, here with a value of 2.5 in ratio of the focal length to the radius of the spherical lens, whereas a refractive index 1.52 even in the core is enough to achieve the same ratio in a Matthiessen lens. Regional differences of a refractive index in the corneal lens were reported in some simple eyes. In a stemma of the lepidopteran Isia isabella the corneal lens was not homogenous in structure, but its refractive index differed for the epi-, exo-and endo-cuticles, with values of 1.56-1.57, 1.53, and 1.52, respectively (Dethier, 1942) . Similar regional differences of a refractive index in the corneal lens were also reported in sawfly Perga affinis; refractive indices of 1.545 for the external surface, 1.482 for the core region, and 1.525 for the region between these (Meyer-Rochow, 1974). We have no data about whether the refractive index gradually changes in the corneal lens in the tiger beetle stemma. However, quite different staining profiles of the corneal lens shown in Fig. 4 suggest that a Matthiessen gradient occurs in the corneal lens subjected in the present study. Another candidate for such an organization is the concentric lamellar structure of the lens. If the lamellate structure consists of alternatively layered materials of two different refractive indices, an incident beam would take a complex path to pass through such a structure. That possibility may produce a higher apparent refractive index for the corneal lens as a whole than those of its component lamellae. Such a high refractive index would make it possible to form a clear image on the retina in spite of the short lens-F 0 distance. As shown in Fig. 2 the corneal lens of the posterior eye forms a clear image: grid lines, 0.5 mm in thickness and placed 115 mm from the lens, occupied an angular subtense of only 0.25°in apparent size. Note that the lines are clearly visible in the image shown on the right of Fig. 2 . If a dark object were to move at a distance far from the larva, its image would move across the photoreceptor process, each 6-8 lm in diameter, with a clear edge in the central region of the retina. It had been assumed in our previous study that the large stemmata of the tiger beetle larva might be myopic in the peripheral region of the retina, with normal vision in the central part. Therefore, a distant object was predicted to form clear focused images on the central part of the retina and a nearby object to do the same at the peripheral retina, with such regional differences forming the possible basis for releasing escape or predatory behaviors . Although distance-sensitive neurons have been identified electrophysiologically and morphologically in the medulla neuropil of the tiger beetle larva , 2004 , there has been no direct evidence to connect such findings with the optical ones for which our study is a basis.
The present work suggests some modification to the assumptions of our previous study. In Fig. 14 the focused image of a distant object (100 mm in distance) appears to be much clearer than that of a nearby one (10 mm in distance), probably because of the greater reduction in the former. When an object passes over the head of an ambushing larva at high altitude, its image would become first blurred, then clear and again blurred. On the other hand, when an object moves at a lower height, its image may be more or less blurred at the beginning and end of the trajectory, and most blurred in between. Since the larva responds only to a moving object (Mizutani & Toh, 1998) , such changes may form a basis to discriminate between nearby and distant objects.
The photoreceptor processes that view in an anterior direction in the anterior stemma and in a posterior direction in the posterior stemma are all thin, whereas they are thick in regions of the retina that view above the head in both stemmata. The functional meaning of such difference is not known. If an object of a given size approaches the burrow of a larva, and keeps its height constant, its apparent size will be small at low elevation, and become maximal when it is above the larva's head. The small photoreceptor processes that view the periphery or at low elevation may therefore match these smaller image sizes. This may result in the stimulation of similar numbers of photoreceptor cells regardless of the position of the object. In the present study the corneal lens and the retina have been examined morphologically and optically in the posterior large stemma of the tiger beetle larva with special reference to the distinct visual behavior of the larva. The optical properties and retinal structure we have obtained may be related to the visual behaviors for which they provide the input, but the neural connections and physiological response properties of the underlying neural apparatus will require further analysis in order to validate the ideas proposed in the present study.
